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ABSTRACT
A study was made to determine if a correlation existed between
the silver density at 318 nm and the actual amount of silver present
in photographic film. Based on twenty (20) samples of bleached and
unbleached film, a linear correlation was found, for specific
film/developer combinations, with a correlation coefficient in excess
of 0.99.
The above correlation was then used to evaluate the bleaching
kinetics of several rehalogenation type bleaches.
It was postulated that there is a charge barrier effect between
the photographic gelatin and the positively charged oxidizing agent in
the bleaches. This was caused by the pH of the bleach solutions being
below the isoelectric point of the gelatin, giving the gelatin a net
ill
positive charge. This charge significantly affected the diffusion of
the bleaches through the gelatin, and was observed as a decrease in
bleach rate with time.
Presoaking the films in either water or bromide solutions had no
significant effect on the bleach rates. It was also shown that the
addition of potassium bromide to the CuCl bleach greatly increased
the bleach rate. This was partially due to the increased amount of
negatively charged halide present and partially to the lower
solubility product of silver bromide.
These results were confirmed on two types of Eastman Kodak film,
Fine Grain Positive (type 5302) and High Contrast Copy film (type
5069).
2
At bleach rates approaching .013 g/M /sec, the bleach reaction
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INTRODUCTION
Several photographic processes require that the developed silver
be removed at some stage during the processing. Examples are reversal
processing, certain toning processes, and the processing of color
materials. The elimination of the silver is primarily based on an
1










Silver bleaches may be divided into three types, depending on the
fate of the silver ions, once they are formed: simple bleaches,
rehalogenizing bleaches, and bleach-fixing solutions. In practice,
potassium dichromate, potassium hexacyanoferrate (III) (ferricyanide) ,




Simple bleaches contain anions giving soluble silver salts, so
that the image silver passes into solution as it is bleached.
Undeveloped silver halide is unaffected. Solutions of potassium
dichromate or potassium permanganate in sulfuric acid are generally
used, the silver passing into solution as silver sulfate.
Rehalogenizing Bleaches
Rehalogenation type bleaches are used mainly in toning and in
color processes. They contain a halide ion, so that the silver, on
oxidation, is converted to insoluble silver halide. The most widely
used bleaches of this type are those based on ferricyanide and
bromide. The bleaching takes place in three stages:
3- + 4-







Ag Fe(CN) + 4 Br
s
4 AgBr + [Fe(CN),]
4 6
Over the usual range of concentrations used, the first stage is the
3
slowest, hence rate-determining
stage. This is confirmed by the fact
that at bromide concentrations in excess of 20 g/1 of KBr, the rate of
bleaching depends directly on the potassium ferricyanide concentration
4
over the range of 10-100 g/1.
Another bleach of this type is the cupric/cuprous system. A
cupric salt such as the sulfate or nitrate is used in an acid solution
with sodium chloride. In this bleach, the silver is converted to
silver chloride, which will dissolve more rapidly than silver bromide
in the subsequent fixing bath:
2 Ag + 2 CuCl 2 >
2 AgCl + Cu2 Cl2
The acid solution is necessary to prevent hydrolysis of the copper
salts.
Bleach-Fix Solutions
Bleach-Fix bleaches not only oxidize the metallic silver, which
passes into solution as a complex, but also remove any residual silver
halide by complex formation. The complexing agents usually used are
thiocyanates or thiosulfates. Since thiosulfate would be oxidized by









The mechanism of bleaching reactions has not been fully
established in detail as yet. Further, in spite of all the processes
using photographic bleaches, there is very little published work
specifically on the rates of the bleaching reactions in photographic
systems.
Of the work published on bleach rates, almost all sources have
used optical density as the measured variable. In a correct kinetic
study, the actual amount of silver mass must be the response variable,
since optical density is not necessarily proportional to the amount of
silver present. In this work, a study of silver mass with respect to
UV density is presented, and a discussion of bleach rates and the
bleaching process is given.
TECHNICAL DISCUSSION
2 . 1 Theoretical Basis for Silver Measurement
For experiments involving the kinetics of bleach reactions the
response variable would necessarily be the amount of silver (or mass).
It has been clearly established that, in the photographic system,
optical density is not proportional to the amount of silver present.
'
This lack of proportionality is substantiated by the measurements
presented in Figure 1 . Note that there are four distinct curves
depending on the amount of bleaching, hence size and shape of silver
crystals.
Unfortunately, both of the two major methods of quantitatively
determining the silver mass in film have substantial drawbacks in a
small research environment. One method uses "wet
chemistry"
and
involves separating the silver from the support (film base) and the
gelatin of a precisely known sample area. The silver is then titrated
with a titrant having a large affinity for silver (such as cyanide or
iodide). This method is very time consuming, inconvenient, involves
many chances for error,
and is potentially dangerous. A second method
involves X-ray fluorescence. This method is very accurate, but takes
a large capital investment (1/3 million dollars) with large facility
support. It would, therefore, be extremely useful to have a
convenient way to measure the
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6
time, on a given emulsion in a small research environment.
9
Skillman has proposed that at the "silver
window"
(^320 ran), optical density is proportional to the amount of
silver.
The purpose of the first part of this study was to investigate,
in detail, this proposal. As it was likely the correlation might be
grain-size dependent, this hypothesis was tried on two different
emulsion types.
2.2 Methodology for Silver Determination
To verify Skillman's hypothesis, nine samples of varied optical
density were read on the Siemens X-ray fluorescence machine at E.I.
DuPont, Photo Product Division, Rochester, New York.
The film samples were Kodak Fine Grain Positive film, type 5302;
exposed, processed in D-19 developer, fixed and washed in the normal
manner. The samples had an optical density range of 3.11 (.03-3.14).
The samples were then read on a Bausch and Lomb Spectronic 505
spectrophotometer .
When the densities at 318 nm were plotted against the silver mass
2
values, there was a nearly perfect (r =.99) linear correlation.
In order to confirm this method would work for decreased grain
sizes and shapes, twenty more samples were read. Sixteen (16) of
these additional samples had, after the above monochrome processing,
been bleached for 30-360 seconds in 0.025 M CuCl at 30 Celcius,
refixed, washed and dried. Four of the samples were from the first
data set to check the Siemens consistency.
The second set of samples were then read on a Beckman model 25
spectrophotometer, single beam mode. This 1 ) is a more representative
machine for actual industry use; and, 2) would check any optical
geometry biasing between the two spectrophotometers.
Upon plotting, the data set was, again, very linear, with
2
excellent correlation (r =.99), and was coincident with the first
data set. The re-read of the four samples had an average silver mass
2
difference from the original readings of 0.005 g/M . The
spectrophotometer error will be covered in detail in section 2.8.
These data were gathered over a one year period and reflect any long
term drift in the instrumentation.
All the data were re-read on the Beckman spectrophotometer with a
'blank'
in the reference beam to subtract density due to the film base
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11
The results clearly show proof of Skillman's hypothesis for Fine
Grain Positive film. The results were identical for Kodak's High
Contrast Copy film, a finer-grain emulsion. Correlation was not
checked on larger grained emulsions.
It should be noted that this method is only suitable for
emulsions coated on essentially transparent film bases (acetate) and
not on polyester type substrates, which are opaque at 320nm. See
sample spectrophotometer traces in Figure 3 .


















Figure 3 Sample Spectrophotometer Traces
13
2.3 Theoretical Basis of Bleaching
Two different rehalogenation type bleaches were studied: FeCl
and CuCl . Their reaction kinetics were determined at three different
temperatures, with a variety of additives, on two different films.
For a simple, rehalogenation bleach the mechanism is:
Step 1. Cu + Ag *-Ag +






For reaction to occur at the silver surface, the reactants must
be transported through the gelatin layer that separates the silver
grains from the bleach solution. The rate of bleaching could be
controlled by the rate of diffusion, the rate of one or more steps of
the chemical reaction, or a combination of the two. To explain the
kinetics of the bleaching process, factors that could be important to
the diffusion process and to the chemical reaction will be discussed.
The section of this thesis for future work will suggest some
experiments to further isolate the bleaching mechanism.
2.3.1 Diffusion through the Gelatin. The Effect of Charge
Photographic gelatin has an isoelectric point of about 4.9.
14
Below the isoelectric point, all of the basic groups will continue to
be positively charged, but some of the acidic carboxylate ions (-C00-)
are commuted to neutral carboxyl (-COOH) groups. Thus, the gelatin
becomes increasingly more positively charged as the acidity is
increased below the isoelectric point


















Figure 4 Model of Bleaching
All of the bleaches used (CuCl pH was approximately 4.5; FeCl
= 1.9) were well below the gelatin isoelectric point. Ergo, the
gelatin was positively charged during bleaching. In order for
bleaching to occur, the positively charged oxidizing agent had to
15
diffuse through the positively charged gelatin. The negatively
charged halide ions likewise had to diffuse through the gelatin and
combine with the silver ion. The silver halide then precipitates next
to the silver grains. As bleaching progressed (longer bleach times)
the rate decreased due to the longer distance (time) for both
reactants and by-products to diffuse.
The reaction rate is influenced not only by the "charge
barrier"
effect of the positive oxidizing agent diffusing into a positively
charged environment, but also the impeding attraction of the halogen
ions by the gelatin.
2.3.2 The Chemical Reaction. Adsorption
If the charged gelatin phenomena is neglected and it is assumed
that the reactants reach the silver crystals unimpeded, then it can be
postulated that the reaction is adsorption dependent.
The simplest mechanism would be for cupric (or ferric) ions to
react with silver to form silver ions, which then desorb and react
with halide ions to form silver halide. However, the halide ions
could react with silver ions at the silver surface to form silver
halide, which then could dissolve off, or could remain at the surface
to form a silver halide skin. If a skin is formed, further
oxidization would have to occur through that skin, and an additional
diffusion process would be introduced.
The reaction of cupric (and ferric) ions with silver is
16
reversible. Silver ions could react either with halide ions or with
the cuprous or ferrous ions. Those metal ions could also diffuse away
from the oxidized grain, or react with gelatin.
2.3.3 Other Considerations
12
Matsuo, Syunji, et al, found that, with bleaches containing
only a halide, there is a definite decrease in the bleaching rate with
time. It was postulated that the silver grains became
"coated"
with
a silver halide layer. There might also be a charge barrier effect
13
present. With a silver complexing agent present, EDTA, Matsuo found
14
linear relationships of bleached silver with time. Willems also
observed this, but using density as the measured response.
From a study of silver corrosion, Hamilton and Miley found
both parabolic and logarithmic laws for the rate of corrosion
depending on transfer of electrons across the metal-film interface.
Smith and Cutler found that the tarnish rate of silver in an iodine
atmosphere could be independent of film thickness. However, it should
be noted that these two preceding investigations were done with
gaseous halogens, under various pressures, working on dry, metallic
silver particles. That is, there was no gelatin involved, thereby
eliminating a great number of
diffusion considerations.
From data gathered for this thesis, the above theories were
examined.
17
The use of ferric chloride bleach is complicated by the
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to form ferric hydroxide and by the complexation of iron by gelatin to
give yellow stains. This hydrolysis can be avoided by lowering the pH
of the bleach to less than 1 and by incorporating an iron-complexing
agent, such as citric acid, in the bleach and in the neutralizer that
is used following the bleach.
Due to this staining effect, most of the work for this thesis was
done with CuCl bleach.
18
2.4 Methodology of Bleaching
Test strips were exposed on a Kodak model 101 sensitometer with a
4 step steptablet attenuating the exposure. The strips were then
developed in batches of eight, in a small plexiglass tank, with D-19
developer at 20 Celsius. Nitrogen burst agitation was used
throughout the process. The strips were fixed in F-6 fixer, washed
and dried. Typical average optical densities of the 4 patches were
0.84, 1.66, 2.48, 3.21, corresponding to silver masses of 0.97, 1.82,
2
2.50, and 2.97 g/M , respectively. A typical standard deviation of
the optical densities for the eight strips of any one density range
was 0.01.
Photographic films used for this study were: Kodak High Contrast
Copy film, type 5069 (very fine grain); Kodak Fine Grain Positive,
type 5302 (moderately fine grain); and Kodak High Speed Recording
film, type 2475 (course grain).
Bleaches were prepared by weighing the dry chemicals on a Mettler
balance to the nearest 0.001 g. The chemicals were then dissolved in
distilled water, measured and stored in stopped, 2 liter volumetric
flasks. All solutions equilibrated for at least 12 hours and no
solution was stored for more than 48 hours.
Bleaching was accomplished in the plexiglass tank, described
above, surrounded by a constant temperature water bath. After
submersion of the rack holding 8 strips into the tank, a strip was
removed every 30 seconds up to 120 seconds,
then every 60 seconds. As
the strips were removed, they were immediately placed in a running
19
water bath until all strips had been bleached.
After a batch of bleaching was complete, all strips were re-fixed
to remove the silver halide, washed and dried. Strips were identified
throughout the process by the use of
"twin-check"
sequentially
numbered tags. The optical density of the strips at 318 nm was
measured on a Beckman model 25 spectrophotometer and the density
converted to mass, as reported in section 2.2.
20
2.5 Results
Tables 1-8 summarize the rates of each separate set of data.
Rate has been defined as the absolute value of the linear coefficient
of the best-fit equation from 30-120 seconds. Eventhough many of the
curves were parabolic over long bleach times, they were essentially
linear through 120 seconds. A typical example is shown in figure 5.
A complete chart of the parabolic coefficients for all the curves can
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Rates of Individual Bleaches
This list is for Fine Grain Positive film bleached in the following
bleaches.
2










10C .000255 .000473 .000713
20C .0015 .0020 .0028
30C .003633 .00463 .00533
.025 M CuCl0 w/.025 M KC1 pH
= 4.5
10C .00048 .000748 .0011
20C .0020 .0032 .0040 .0047
30C .0041 .0049 .0063 .0073
.025 M CuCl? w/.025 M KBr pH
= 4.5
10C .0032 .0046 .0056 .0069
20C .0061 .0090 .0107 .0132
30C .0105 .0133 .0140
23
TABLE 2
Rates of Individual Bleaches
This list is for Fine Grain Positive film bleached in the following
bleaches.




.025 M CuCIq - 10 Min. H90 presoak pH = 4.5
20C .00090 .0016 .0021
025 M CuCl? w/,025 M KBr - 10 Min. H?0 presoak pH = 4.5
20 C
.0098 .0118 .0128
.025 M CuCl? w/.025 M KBr - 60 Min. H?0 presoak pH = 4.5
20C .0073 .0104 .0119 .0133
TABLE 3
Rates of Individual Bleaches
This list is for Fine Grain Positive film bleached in the following
bleaches.
2




.025 M CuCl2 w/.025 M KBr
- 10 Min. .025 M KBr presoak pH = 4.5
10C .0035 .0050 .0061
.025 M CuCl? w/,025 M KBr
- 10 Min. .025 M KBr presoak pH = 4.5
20C .0070 .0097 .0107 .0116
24
TABLE 4
Rates of Individual Bleaches
This list is for Fine Grain Positive film bleached in the following
bleaches.
2




.025 M CuCl? w/,0125 M KBr - 10 Min. H2O presoak pH = 4.5
20C .0049 .0071 .0084 .0099
.025 M CuCl? w/,0375 M KBr - 10 Min. H?0 presoak pH = 4.5
20C .0085 .0106 .0126 .0130
.025 M CuCl2 w/,05 M KBr
- 10 Min. H?0 presoak pH = 4.5
20C .0088 .00107 .00130 .0147
.025 M CuCl? w/,10 M KBr
- 10 Min. H?0 presoak pH = 4.5
20C .0087 .0107 .0127 .0142
25
TABLE 5
Rates of Individual Bleaches
This list is for Fine Grain Positive film bleached in the following
bleaches.
2





- 2 pH units pH = 2.5
20C .00074 .0012 .0016
.025 M CuCl? w/,025 M KBr
- 2 pH units pH = 2.5
20C .0032 .0041 .0047
.025 M CuCl2 w/,025 M KCl
- 2 pH units pH = 2.5
20C .0013 .0020 .0028
.025 M CuCl2 w/.025 M KBr
- 2 pH units - 10 Min. H2O presoak pH = 2.5
20C .0040 .0051 .0057 .0058
26
TABLE 6
Rates of Individual Bleaches
This list is for Fine Grain Positive film bleached in the following
bleaches.
2




.025 M CuCl? w/.025 M KBr & . 05 M K9SO4 pH = 4.3
20
C .0041 .0061 .0079 .0093
.025 M CuCl? w/,025 M KBr & .05 M K9SO4
- 10 Min. H?0 presoak pH = 4.4
20
C .0056 .0077 .0095 .0107
.025 M CuCl? w/,025 M KBr & .05 M KNO3
- 10 Min. H90 presoak pH = 4.4
20C .0061 .0096 .0112 .0129
27
TABLE 7
Rates of Individual Bleaches
This list is for Fine Grain Positive film bleached in the following
bleaches.
2










20C .0095 .0113 .0122 .0117
.05 M FeCl 3 pH
= 1.94
30C .0105 .0138 .0147 .0130
.05 M FeCl3
- 10 Min. H20 presc>ak pH
= 1.94
20C .0098 .0112 .0122 .0113
.05 M FeCl-} w/.025 M KBr
- 10i Min. H?0 presoak pH = 1.95
20C .0092 .0115 .0122 .0112
.05 M FeCl-, w/,05 M KBr
- 10 Min. H9O presoak pH = 1.95
20C .0093 .0118 .0132
28
TABLE 8
Rates of Individual Bleaches
The following is for High Contrast Copy film bleached in the following
bleaches.
2
All rates are expressed in g/M per second.
.025 M CuCl? & 10 Min. H?0 presoak pH
= 4.5
20C .0015
.025 M CuCl2 w/,0125 M KBr & 10 Min. H?0 presoak pH
= 4.5
20C .0092




2.6 Discussion of Results
A. CuCl Bleaches
None of the bleaches tested behaved in a linear Arrhenius manner
over the range of temperatures explored, see figure 6. This is an
interesting observation because in a photographic system this range
is, of necessity.- quite short (usually less than 40). A
rule-of-thumb for simple reactions is that the reaction rate doubles
for every
10 temperature rise. This did not occur. The Arrhenius
plot (figure 6) showed a sharp decrease in the slope of the log R vs.
1/T curve with increasing temperatures. This occurs due to the change
























Figure 6 Sample Arrhenius Plot
30
Figure 7 illustrates the effect of adding increasing amounts of













1/8 1/4 3/8 1/2
Added Moles/ 10 of KBr
Figure 7 Rate Vs. Increasing KBr Concentration
These data are consistent with the theory of step 2
(Ag+
+ X^-AgX) being reaction limiting for bromide levels less than
0.0375 mole per liter. After the bromide concentration reached 0.05
++
mole per liter, diffusion into the gelatin of the Cu ion became the
limiting reaction step.
31
By examining a graph of rate vs. time to the 1/2 power, figure 8,
it can be easily shown that diffusion through the gelatin plays a
major role in this reaction and that the rate becomes increasingly
dependent on the rate of diffusion as the temperature and the halide
concentration increases. The straight line indicates diffusion
limiting, as illustrated in the attached graphs. From figure 9 it
should be noted that the temperature dependence decreases first with
increasing temperatures, then with the addition of extra chloride ions
to the basic CuCl2 bleach, and even further with the addition of extra
bromide ions. With these graphs and the data from table 1, it is
clear that the reaction is diffusion limited at 20C with 0.025M KBr
added to the 0.025M CuCl bleach.
This can be further substantiated by examining the temperature
coefficients (quasi Activation Energy) for the various bleaches.
CuCl CuCl
CuCl w/KCl w/KBr
10-20 23.8 kcals 23.0 11.1
20-30 14.8 7.5 2.7
10-30 19.5 16.0 7.0
It has been reported that the activation energy of diffusion
through gelatin for hydroquinone is 4.8-6.3
kcals. /mole. This is
substantially greater
than the 2.7 kcals for the copper bleach with
added bromide between 20 and 30. However,
2.7 is not too low for a
19
diffusion process.
Presoaking the film in
either water or solutions of KBr for times
up to 1 hour













































































CuCl2 w/.025 M KBr
025 M CuCl w/,025 M KC1
025 M CuCl,
-t- + + +
-i
0 10 20 30 40
.o .
Temperature ( C)
Figure 9 Rate Vs . Temperature for Added Halide
34
might have been expected since the gelatin was "pre-swelled" before
immersing it in the bleach solutions. This was also observed by
Sutherns in his work with copper chloride bleaches. Since
presoaking did not make a difference, it can be concluded that the
gelatin swelling time is small compared to the bleach times. A
typical time of 0 . 2 minute to swell to its final value has been
21
reported. It should also be noted that no significant
rehalogenation occurred due solely to the action of the bromide ion.
This was shown by experimentation using potassium bromide solutions in
place of the bleach, as outlined in section 2.4.
Germane to the entire preceding discussion is the hypothesis of a
colloido-chemical phenomenon occurring. As discussed in section
2.3.1, all bleaches tested were well below the gelatin isoelectric
point, giving the gelatin a net positive charge. The gelatin becomes
increasingly more positive as the acidity is increased. This
phenomenon is well documented and has been substantiated with a number
22 23
of developing agents and by Willems in the case of bleaches. This
effect is graphically illustrated in table 5, where the pH of bleach
solutions was lowered by 2 pH units to approximately 2.5. Bleach
rates in these bleaches were reduced 40-60%.
B. FeC1 Bleaches
The importance of the charged gelatin is both increased and
+3
further substantiated with the iron bleach. Even though the iron
bleach has a much higher oxidation potential (0.77V vs. 0.16V for
cupric) the bleach rate was actually
slower. This can be accounted
35
for by the triply charged cation. The triply charged ion needs 50%
more kinetic energy to overcome the force of repulsion diffusing
through the gelatin. From the information in Table 7, it is clear
that the addition of neither chloride nor bromide ion accelerated the
bleach reaction. It can then be concluded that step 1 ,
,
+3 +
(Fe + Ag ^ Ag ) of the reaction is limiting. If the iron is unable
to reach the silver, no oxidation can occur.
C. General
The general parabolic shape of the bleach time vs. mass curves
can be postulated as a combination of a decrease in the amount of
remaining silver with time and an increase in diffusion distance.
This is a common occurrence with developers and is well documented.
Similar results were obtained on Eastman Kodak's High Contrast




It has been postulated by several authors that during the
bleaching process, a silver halide skin is
formed on the surface of
the silver crystal. Although none of the
above mentioned work has
been done with collodial suspended silver emulsions processed in
liquid bleaches, classical physical chemistry
adsorption theories
should be considered.
An Arrhenius plot showed a sharp decrease
in the bleach rate with
36
increasing temperature. This might be due to a shift from an
adsorption-limited reaction towards a coupling of reaction and




Figure 10 Normal Arrhenius Plot
The crossover usually takes
place over approximately 50-100
degrees Celsius.
26
Since bleaching was only checked
over a range of 20
37
degrees, each reaction contributor cannot be isolated. Based on the
temperature data, it is consistent with theories developed in this
thesis to assume the Eo is probably limited by either adsorption or
diffusion into the crystal bulk. E, the curve with the lower slope,
is probably diffusion through the gel coupled with whatever step is
rate determining in the lower part of the curve. However, for the
bleaches tested, the reaction rate accelerates much faster than
diffusion with increasing temperature, and diffusion through the gel
becomes rate controlling.
The solubility product of silver bromide is approximately 380




Therefore in the bleach 0.025M CuCl W/0.025M KBr, silver
bromide is essentially the only silver halide formed. Bromide holes




in silver chloride (Chloride = 0.1 cm V
1
Sec , bromide
= 2 . 0 cm V
L
on
Secrl ) . This could explain the much higher bleach rates with added
bromide ion.
Both 0.025M CuCiU W/0.025M KCl and 0.025M CuCl2 W/0.025MKBr
bleaches become diffusion (thru the gelatin) limited at 30. This was
29
confirmed by the Koros-Nowak test.
Figure 1 1 illustrates the effect of adding increasing amounts of




Added Moles/ 10 of KBr
Figure 1 1 Effect of Increasing KBr Concentration
The marked resemblance of the above figure to the Langmuir
30
Isotherm should be noted. These data are consistent with the theory
developed in Section 2.3.2 and the discussion of results on an
adsorption limited reaction. After the bromide concentration reached
0.5 mole per liter, diffusion into the bulk became the limiting
reaction step.
Unfortunately, there are at least three troublesome areas if one
uses only adsorption to
explain the results as presented in this
thesis: 1) why does the copper bleach
work faster than the iron, 2)
why does the
addition of extra halide make no difference in the ferric
39
bleach rates, and 3) why is the initial rate the greatest. It should
31
also be noted that Sutherns observed a relatively slow bleaching of
internal latent images with copper bromide bleaches. This would





2.7 Summary and Conclusions
It is clearly a substantial finding to be able to use a
spectrophotometer for silver mass measurements. As mentioned in the
Introduction, this will be of greatest utility in the small research
environment where quick results are of value, but expensive equipment
is not justifiable.
As with any photographic process, bleaching is a complex
interaction of many variables. For the simple, single halogen bleach
CuCl
, the bleaching mechanism is:
++ + +
Step 1 : Cu + Ag >Ag + Cu
+




Cu + e J-Cu E0(v) = '16
However, adsorption and diffusion through the gelatin, and
reaction rate must all be considered in the global or overall reaction
rate.
As would normally be predicted, at higher temperatures (for a
given concentration) rates were diffusion controlled. This is due to
the reaction rate increasing at a greater rate (with temperature) than
diffusion. The diffusion limiting can be easily substantiated by the
k
straight lines on the Rate Vs. Time graphs shown in section 2.6.
Presoaking in neither water nor bromide solution for up to 60
minutes had an affect on the bleach rate. However, lowering the pH of
41
the copper chloride bleach solutions by 2 pH units (to approximately
2.5) significantly reduced the bleach rate.
Lowering the pH of the bleach solution gave the gelatin a
substantial positive charge. This positively charged environment made
it significantly harder for the positive oxidizing agent to penetrate
the gelatin to reach the silver particles. In addition to this, the
negatively charged halide ions were electrically trapped and held by
the gelatin, hence impeding their diffusion to the silver ions, once
formed. As greater amounts of halide were added to the bleach (up to
0.5 m/1), this particular impediment became less of a factor.
Ferric chloride bleach, though working similarly to the cupric
chloride, graphically illustrates this phenomena. Although having a
much higher oxidation potential, E (V) = 0.77, the bleaching agent,
+3
Fe , is triply charged. For this bleach, the natural pH was only
1.9, making the gelatin even more positive. For this bleach, the
addition of up to 0.05 Mole of bromide ion had no significant rate
effect. The exacerbated combination of a more highly charged gelatin
and a more highly charged cation was such that the diffusion of the
ferric ion was rate limiting. Also consistent with this theory is the
observation that the ferric bleaches exhibited the decrease in bleach
rate with time almost immediately.








There was no evidence of an silver halide skin uncovered in the
work for this thesis.
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The above discussion was supported identically by results on
Kodak's 5302 and High Contrast Copy films. High Speed Recording film
(type 2475) had a substantially slower bleach rate with CuCl2 and CUCI2
with up to 0.05 M KBr than the finer grained emulsions. This was




In order to quantify the total error, three separate batches of
different bleach were mixed, strips of three densities bleached, and
all strips read. The final result was nine (9) repeated rates which
could be compared to the original ones. The result was an average
rate difference of 0.0007 with a standard deviation of 0.0005. The
value of this method is that it gives a real, working error estimate
for the entire procedure. An error estimate for individual
contributors can be found in appendix B.
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2 . 9 Future Work
The following is a list of experimental work which could either
further clarify/substantiate the results presented in this thesis, or
make the results more uniformly applicable.
1. Scanning Electron Micrograph of the bleached silver image. This
would be useful in determining the presence of any
"skin"
effect.
2. Cross sectional slice of the bleached silver film. This would
show the gradient effects of the bleached silver with respect to
emulsion thickness. This would certainly substantiate the charge
effect of the gelatin and oxidizing agent.
3. Raise the pH of a set of bleaches. If this increased the bleach
rates, it would certainly be consistent with the theories of this
thesis.
4. Vary the amount of oxidizing agent relative to the amount of
halide present. Try a copper bromide bleach; this rate should be
slower than the CuCl~ with added bromide. If this holds, it will also
be consistent with further substantiating the theories presented in
this thesis.
5. Conduct bleaching in a well stirred vessel (similar to Willems)
with just silver particles and bleach. This would isolate the gelatin
effects. Unfortunately, other than comparison, this experiment would
have very little meaning in a photographic system.
6. Conduct the silver mass vs. UV density correlation for many
film/developer combinations. This would encompass many more silver






The following numbers are the second order (parabolic) coefficients
for the best-fit equations of individual bleaches, as outlined in
Section 2.5. All the listed coefficients fit the general form of
2
ax + bx + c = y.
All values are for Fine Grain Positive film, except as noted.








b .0003 .0006 .0004 Too
Dense
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c .8033 1.5717 2.2450 Too Dense
2
r 1.00 1.00 1.00 Too Dense








b -.0022 -.0035 -.0042 -.0053
c .7608 1.5406 2.3399 2.9801
2
r .98 1.00 1.00 1.00
-6
025 M CuCl? w/,025 M KCl (jj 30 C
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025 M CuCl? w/.025 M KBr @ 10 C
-6 , ,-6
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- 2 pH Units @ 20 C
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.025 M CuCl? w/.025 M KBr








b -.0038 -.0044 -.0059 -.0087
c .8333 1.5417 2.2783 3.0133
2
r 1.00 1.00 1.00 1.00
-5
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.025 M CuCl? w/,025 M KC1


















.025 M CuCl2 w/.025 M KBr - 2 pH Units (jj 20C - 10 Min. H?0 presoak
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.025 M CuCl? w/.025 M KBr









b -.0038 -.0040 -.0040 -.0069
c .8850 1.5967 2.2417 2.8700
2
r 1.00 1.00 1.00 1.00
.025 M CuCl? w/,025 M KBr








b -.0102 -.0126 -.0155 -.0157
c .9867 1.7845
2.5570 3.0408










b -.0007 -.0019 -.0018 Too Dense
c -7794 1.5992 2.3100 Too Dense
2
r .98
.96 1.00 Too Dense
10 10 73 X
10_6
Too Dense







b -.0136 -.0151 -.0160
c 1.7340 2.4714 2.9801
2
r 1.00 1.00 1.00
o.
,025 M CuCl? w/.025 M KBr








b -.0115 -.0145 -.0148 -.0163
c 1.0050 1.8477 2.5391 3.0860
2
r 1.00 1.00 1.00 1.00
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b -.0077 -.0130 -.0140 -.0150
c .8550 1.7569 2.4557 2.9422
1.00 1.00 1.00 1.00
,025 M CuCIq w/.0125 M KBr (jj 20C

















.025 M CuCl? w/.0375 M KBr @ 20 C









b -.0118 -.0162 -.0171 -.0166
c .9500 1.7977 2.4811 2.8721
2








.025 M CuCl? w/.05 M KBr (jj 20C
- 10 Min. H?0 presoak
a .0001 3.5722 X
10_5





.025 M CuCl2 w/.10 M KBr (jj 20C
- 10 Min. H20 presoak






b -.0233 -.0182 -.0176 -.0189
c 1.1400 1.7155 2.3407 2.8582
1.00 1.00 1.00 1.00









b -.0121 -.0150 -.0129
-.0119
c 1.1450 1.9526 2.6716
3.2421
2
r 1.00 1.00 1.00
1.00
















.05 M FeCl? (jj 20C









b -.0140 -.0146 -.0145 -.0133
c 1.2100 1.9443 2.7434 3.2540
1.00 1.00 1.00 1.00
.05 M FeClc; w/,025 M KBr (jj 20C








b -.0134 -.0150 -.0157 -.0155
c 1.1566 1.9753 2.8272 3.4302
2
r 1.00 1.00 1.00 1.00
,05 M FeCl-3 w/.05 M KBr (jj 20C








b -.0130 -.0161 -.0179 -.0160
c 1.1325 1.9987 2.9012
3.4091
2
r 1.00 1.00 1.00 1.00
.-5
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HIGH CONTRAST COPY FILM
,025 M CuCl? (jj 20C - 10 Min. H?0 presoak













.025 M CuCl? w/.025 M KBr (jj 20C









1 . Original within batch density variation:
n = 21 batches "x = .016 optical density units, s = .012
2. Bleach concentration: nil
3. Bleach time: + 1 sec
4. Bleach temperature: + .5 C
_ 2
5. Siemans silver mass determination: x = .005 g/M , s
=
.006
6. Spectrophotometer variation: s = .0023 density units
All of the above errors assumed to be random.
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